We have coupled a three-dimensional Monte Carlo neutron transport code to a modified form of the 2-D, axisymmetric, radiation-hydrodynamics code MULTI-2D to study the burn and disassembly phase of ICF targets. Multi-2D uses the Lagrangian approach in a 2-D, axisymmetric, non-structured grid and allows fairly complex, multi-material geometries. The neutron transport calculations are performed in three-dimensional non-structured grid cells using ENDF/VI.8 evaluated nuclear reaction cross-section data for ICF target constituent materials. The initial density and temperature profile distribution in an imploded ICF target is calculated from the peak compression data published for X-1 targets by Sawan and Peterson. At each hydrodynamic time-step, the steady-state neutron transport calculation yields the neutron flux distribution and the resulting power deposition throughout the expanding system. Apart from the neutron flux distribution, the simulation yields the temporal, 2-D evolution of parameters such as the matter and radiation temperatures, density, pressure, and the velocity field.
INTRODUCTION
Pulsed-power driven inertial confinement fusion (ICF) has shown promising results over the past few years, with the development of intense soft x-ray sources based on wire-array Z-pinch implosion [1] . The X-1 pulsed-power machine, based on this concept, has been designed to implode ICF targets to fusionrelevant conditions [2] . The burn and disassembly phase of such targets would release intense pulses of x-rays, neutrons, and debris. Numerical simulations through coupled one-dimensional hydrodynamic and neutron transport codes have been reported for computing the explosion energetics, fusion yields, energy partitioning, and reabsorption in the targets. These simulations have also suggested new target designs [1] [2] [3] .
These studies, however, perform a partially linked neutronics and hydrodynamics calculation, which does not utilize the neutronics result in the hydrodynamic calculations. It has been emphasized by such studies that full coupling is essential for making consistent predictions of the partitioning of the target energy between x-rays, ion debris, neutrons, and gamma photons [1] . Full coupling would also provide an accurate estimate of the net target yield, taking account of endoergic energy losses and energy deposited by neutrons.
In the present paper we present our X-1 target burn simulations using a modified form of the MULTI-2D [4] radiation-hydrodynamics code, linked to a 3-D Monte Carlo code for neutron transport through a nonstructured mesh. Multi-2D uses a Lagrangian approach and allows the study of fairly complex, multi-material geometries. The EOS for 50:50 deuterium-tritium (D-T) mixtures was generated over the desired range of temperatures and densities for the target, using the method described in [5] . The neutron transport calculation makes use of ENDF/VI.8 evaluated neutron reaction cross-section data for ICF target constituent materials [6] .
TARGET DESCRIPTION
The soft x-ray driven implosion of an X-1 target has been simulated by Sawan and Peterson [1] using a one-dimensional hydrodynamic code. The spherical target consists of a cryogenic capsule of D-T ice surrounded by a beryllium-oxide ablator. The target is placed inside a helium-filled gold hohlraum. The simulation shows that the target reaches its peak compression and ignites around 157 ns after the start of wire-array implosion. Target burn subsequently takes 145 ps.
In the present study, the simulation starts at the moment of peak compression, hereafter referred to as t=0. The target is assumed to consist of a 50:50 D-T mixture, with an initial density profile ρ 0 (r) taken from [1] . Note that since [1] performed a 1-D simulation, ρ 0 is spherically symmetric and varies only with radial position "r." The initial temperature profile T 0 (r) is calculated using ρ 0 (r) and the radial variation of fusion power density from [1] . The initial density and temperature profile used in our calculations is shown in Fig. 1 . 
HYDRODYNAMIC TARGET BURN CALCULATIONS
The D-T target burn and expansion is simulated using a modified form of the 2-D axisymmetric Radiation-Hydrodynamics code Multi-2D [4] . Multi-2D is a two dimensional Lagrangian radiation hydrodynamic code which describes hydrodynamics in two spatial dimensions (R-Z geometry) and radiation transport along rays in three dimensions with the 4π solid angle discretized in 64 directions. The density, temperature, and pressure are considered as cell centered quantities, while velocity and inertial mass are defined at the nodes. Our simulations make use of tabular equation-of-state (EOS) data for the D:T mixture, generated using the method given in [5] .
To generate initial conditions for hydrodynamic calculations, the target geometry is initially discretized in axisymmetric R-Z space, using a non-structured triangular mesh. The 2-D axisymmetric mesh is then rotated along the R-axis to generate three-dimensional geometrical cells for neutron transport calculations.
Starting with the initial density and temperature distribution shown in Fig. 1 , the target burn is simulated for 145 ps, which corresponds to the burn interval for X-1 target simulation in [1] . D-D and D-T fusion reaction rate calculations are performed in each cell using logarithmic fits for <σv> as functions of temperature. The 3.5-MeV energy carried by alpha particles is assumed to be locally deposited, while the neutron generation rate goes as a source term for neutron transport calculations. A simplified model is used for radiation transport --we assume that there is free escape of bremsstrahlung from each cell, at a rate given by: For purposes of comparison with [1] , the 2-D density distribution was converted to a onedimensional function of radial position "r" by calculating the density variation along a straight line in the radial direction from the center of the target. Figure 2 shows ρ(r) at selected time points. The fusion power profiles in the D-T target are shown in Fig. 3 . It is seen that at early times, the fusion neutrons are generated in a small region at the center; as time elapses, the expanding burn wave spreads the neutron source over a progressively larger volume.
The fusion power and density profiles of the D-T target, calculated in the present simulation, are compared with digitized plots of the same data from [1] , in Figs. 4 and 5, respectively. The fusion power profiles show that the burn front reported in [1] leads the front calculated in the present simulation. Furthermore, the fusion power densities in [1] are generally higher than those obtained in our work. The combined effect would be to produce a stronger, higher-velocity shock front in [1] . This is indeed seen from the density profiles in Fig. 6 , particularly at late times. 
TARGET NEUTRONICS CALCULATIONS
Neutronics calculations have been performed for the X-1 target using a 3-D Monte Carlo neutron transport code. The initial conditions for the neutron transport calculations are generated by the hydrodynamic code and information about the cell densities and material composition is communicated to the neutron transport calculation. In the present calculation, neutrons are assumed to be generated in the center of the target and are transported through the target. Neutron interaction with the target results in softening of the neutron spectrum, mainly due to elastic scattering with D and T nuclei. In addition, neutron multiplication occurs as result of (n,2n) reactions with D and T. Gamma-ray production due to the (n,γ) reaction contributes very little to the energy deposition in the target, for two reasons. Firstly, this reaction is only possible with D. Secondly, the (n,γ) cross section is significantly lower than that for elastic scattering at low energies and that for the (n,2n) reaction at higher energies.
The neutron reaction cross-section data file for D contains the total, elastic scattering, total absorption, average heating numbers and (n,2n) reaction data. Tritium has only elastic scattering and (n,2n), with the absorption reaction cross-section. In both D and T, the elastic scattering cross section contributes the most to the total cross section, resulting in softening of the neutron energy spectrum as neutrons propagate through the target.
The present calculations show the total number of neutrons emitted from the surface of the target, per DT fusion, to be 1.044, averaged over the complete burn period. This value agrees with the value of 1.064 as reported in [1] . This value is larger than unity because of the neutron multiplication resulting from (n,2n) reactions with the dense D-T fuel. The main source of neutron multiplication is deuterium nuclei, since the (n,2n) reaction cross-section in deuterium is much higher than that of tritium and D has a lower threshold energy of 3.34 MeV for (n,2n), as compared to 8.35 MeV for tritium. Our neutronics calculations show that the neutrons emerging from the target surface carry a total energy of 12.6 MeV per DT fusion. It is also interesting to note that 50.4% of the neutrons leave the target without undergoing a single collision, a value significantly lower than the 66.4% reported in [1] .
The total energy redeposited per neutron within the target varies from 2.25 MeV during the initial burn phase to 1.5 MeV during the final stages.
The neutron flux spectrum emanating from the target gets harder during the final burn period. This is due to reduced fuel density in the target. The neutron flux spectrum at selected time points is shown in Fig. 6 . We observe a significant hardening of the spectrum at late times, which is due to a reduction in the ρR product for the pellet.
The average n,gamma generation rate of 0.007 is significantly higher than the value of 0.0024 reported in [1] . Energy partitioning calculations for the D-T target show that 71% of the total fusion yield goes to the escaping neutrons, whereas 28.7% is carried by target debris and bremsstrahlung. These values are in good agreement with the value of 69.22% and 28.3% for neutrons and debris as reported in [1] .
CONCLUSIONS
X-1 target burn calculations have been performed using a 3-D, Monte Carlo neutron transport code coupled with a modified form of the radiationhydrodynamics code MULTI-2D. Multi-2D output has been post-processed to provide fusion burn power and density profiles at selected time steps. The neutron transport calculations include detailed neutron-target interactions, while accounting for the temporal evolution of the spatial distribution of mass density and temperature. Energy partitioning calculations for the target shows that 71% of the target yield is carried by escaping neutrons whereas 28.7% is carried by debris and x-rays. Neutron interaction with the target material results in a surface leakage of 1.044 neutrons per DT fusion, the neutrons having an average energy of 12.61 MeV. Our results show good agreement with some results from the 1-D results of [1] , although significant deviations remain in fusion power profiles.
